6-(p-Hydroxyphenylhydrazino)uracll (H 2 -HPL)ra) is a selective and potent inhibitor of the replication-specific class III DNA polymerase (pol III) of Gr + bacteria. Although formally a pyrimidine, H 2 .HPUra derives its Inhibitory activity from its specific capacity to mimic the purine nucleotide, dGTP. We describe the successful conversion of the H 2 -HPUra inhibitor prototype to a bona fide purine, using N 2 -(benzyl)guanlne (BG) as the basis. Structure-activity relationships of BGs carrying a variety of substituents on the aryl ring identified N 2 -{3,4-dichlorobenzyl)guanine (DCBG) as a nucleus equivalent to H 2 -HPUra with respect to potency and inhibitor mechanism. DCBdGTP, the 2'-deoxyribonucleoslde 5'-triphosphate form of DCBG, was synthesized and characterized with respect to its action on wild-type and mutant forms of B. subtilis DNA pol III. DCBdGTP acted on pol III by the characteristic inhibitor mechanism and formally occupied the dNTP binding site with a fit which permitted its polymerization.
INTRODUCTION

6-(p-
) which share a unique biologic property; they are novel dGTP analogs which selectively inhibit the replication-specific DNA polymerase III (pol III) of B. subtilis and other Gr + bacteria (4) (5) (6) . The mechanism of inhibitory action common to this family of bases (5, 6 ) is summarized schematically in panels B-D of Fig. 1 . As shown in panel B, the inhibitor molecule consists of two essential domains; a base pairing domain equivalent to that of guanine, and an aryl domain from which it derives reactivity and selectivity for its enzyme target. Panel C displays the structure of the H-bonded, H 2 -HPUra:cytosine base pair, and panel D summarizes how the base pairing and aryl domains of the molecule cooperate to effect inhibition. The inhibitor acts as a bridge between the template:primer and the polymerase, sequestering the enzyme into a reversible ternary complex. The base pairing domain forms one bridgehead with an unapposed template cytosine immediately distal to the 3'-OH terminus, while the aryl substituent forms the other through its reaction with the polymerase in the vicinity of its dNTP binding site.
We seek to characterize in B. subtilis DNA pol HI the location and molecular structure of its inhibitor binding site and the precise relationship of the latter to the site of dNTP binding and polymerization. Our strategy has required the reconfiguration of the inhibitor prototype into a bona fide guanine (G) format to provide a structure useful for mutant enzyme selection and suitable for development of 2'-deoxyribonucleotidyl forms. Our first attempt to adopt the G format involved the anilino prototype and resulted in the conversion of TMAU to the ^-(aryOG derivative, TMPG (cf., Fig. 1,E) . TMPG displayed the appropriate mechanism and requisite enzyme selectivity. However, TMPG was considerably less potent than TMAU and penetrated cells very poorly, and therefore, it was not suitable for further development. As an alternative to the N 2 -(aryl)-guanine structure, we exploited the NMary'alkyOguanine format to produce a series of N 2 -(benzyl)guanine (BG) derivatives. As indicated in the results presented below, the N^-benzyl format proved to be a fruitful basis for inhibitor development, yielding the novel base, N syntheses were of analytical grade or better. B. subtilis strain NB841 (7), which was used as the source of pol IE, was grown on minimal salts agar supplemented as described (8) .
Chemical analyses
Melting points were determined on a Mel-temp apparatus. Elemental analyses were performed by the Microanalysis Laboratory, University of Massachusetts, Amherst. Phosphorus analyses were performed as described by Peterson (9) . UV spectra were obtained with a Gilford Response UV-Vis Spectrophotometer. NMR spectra were obtained at 200 MHz with a Bruker AC-P200 instrument; chemical shifts are reported in ppm (6) relative to internal tetramethylsilane ('H) or external phosphoric acid ( 3I P). Only characteristic chemical shifts (ppm) and coupling constants (Hz) are given. The identity of the nucleosides as 9-/3-(2-deoxyribofuranosyl) derivatives was based on the similarity of 'H NMR spectra of sugar ring protons to those of deoxyguanosine and others (10).
Syntheses
N 2 -(3,4-Dichlorobenzyl) guanine (DCBG).
Reaction of 2-bromohypoxanthine and 3,4-dichlorobenzylamine as described (10) Synthesis of DCBdG, the nucleoside form of DCBG, was based upon the procedure described in reference 11; the approach to the synthesis of the nucleoside mono and triphosphates was based on that described by Wright and Dudycz (10).
Step Step 2:2-(3,4-Dichlorobenzylamino)-6-chloro-9-(2-deoxy-$-Dribofuranosyljpurine. Treatment of the sodium salt of the step 1 product with 2-deoxy-3,5-di-p-toluyl-/3-D-ribofuranosyl chloride in acetonitrile gave two major products which were separated by silica gel chromatography. The major desired product was deblocked by treatment with sodium methoxide in (DCBdGTP) . A solution of DCBdGMP as the triethylammonium salt in hexamethylphosphoramide, after activation by 1, l'-carbonyldiimidazole, was treated with tributylammonium pyrophosphate. Chromatography of the diluted solution on DEAE-Sephadex and elution with a linear gradient of 0.2-1.0M triethylammonium bicarbonate, pH 7.7 gave the product, which was converted to its sodium salt by the same procedure used for DCBdGMP. The product was lyophilized to give 59% of DCBdGTP.
3I P NMR (D 2 O) 5 -6.56 (IP, d, 7-P), -10.85 (IP, d, a-P), -21.66 (IP, t, B-P). Anal. Found: P, 11.75. requires P, 11.38.
Purification and assay of B. subtUis pol III Purification of wild-type and mutant (azpl2) pol HI was performed as described previously (12); unless specified otherwise, the DNA cellulose fraction V was used in all experiments. The standard assay for DNA polymerase m was performed in a final volume of 25mL as described (7). Apparent inhibitor constants (Kj) for each inhibitor were determined in the appropriate polymerase assay conditions either conventionally or by the truncated, dGTP-deficient assay method described by Wright and Brown (13) . Poly(dA):oligo(dT) and poly(dC):oligo(dG) were prepared by incubating at 50°C a mixture of 4 OD units (260nm) of polymer and 0.625 OD units of oligomer in lOmM Tris-Cl (pH 7.6) for lOmin and allowing the mixture to cool to 25°C over an additional 10 min period; 0.1/tL of this mixture was used in a final assay volume of 0.025ml. The labeled triphosphate (20/tM, 875 cpm/pmole) was the only nucleotide used in experiments involving these homopolymeric templates. cpm/ml; for protein) and DCBG (75^M), HPUra (75/xM) or DMSO (inhibitor diluent) were added to log phase cultures of B. subtilis growing at 37°C in minimal salts medium (14) , and periodically, duplicate samples (lml each) were removed to determine incorporation of radioactivity into alkali-soluble (RNA) and alkali-stable (DNA) fractions of cold TCA-insoluble material or into hot TCA-insoluble material (protein) as described elsewhere (14) .
Analysis of primer extension
The method involved the autoradiographic analysis of denaturing DNA sequencing gel electropherograms of products resulting from the extension of a 5' [ 32 P] labeled 17 residue oligonucleotide primer annealed to a 29 residue template. The structure of the primer (Ml3 sequencing primer #1211; Boehringer Mannheim) and template (Operon) is shown in the inset of Figure 3 . The preparation of the sequencing gel (12% polyacrylamide), 5'-labeling of the primer with polynucleotide kinase, primer template annealing, sample preparation, and the conditions for gel development and autoradiography, were performed as described in reference 15. To assay for extension 0.25 units of homogeneous pol III (Fr. Vila, ref. 12) were incubated in IOJIL of standard assay buffer (7) in the presence of [ 32 P]-primer:template in slight excess over enzyme, and in the presence or absence of selected dNTPs. After 5 min at 30°C, incubation mixtures were quenched and analyzed (15) .
RESULTS
Properties of DCBG, the model benzylguanine
Following leads developed with 6-benzylaminouracil derivatives as pol III inhibitors (3), we synthesized several analogous N^benzylguanines substituted in the 3, 4 and 5 positions of the benzyl moiety. Of these only DCBG displayed inhibitory potency similar to those of H 2 -HPUra and related compounds. The properties of DCBG are summarized in the following three subsections.
(i) Action of DCBG on the isolated polymerase is characteristic of the H 2 -HPUra prototype. Our strategy for pol HI inhibitor development required that in its simplest base form, the product: (a) be at least as potent as the corresponding uracils, which typically display KjS in the 0.5-2/iM range; (b) be specifically competitive with dGTP like the corresponding 6-{benzylamino) and 6-(arylhydrazino) uracils; and (c) be dependent on the presence of a cytosine-containing template. The results of three sets of experiments, which are not explicitly displayed in tabulated form, indicated that DCBG fulfilled all these requirements. First, DCBG was a characteristically potent inhibitor of wild-type (wt) pol in, displaying a Kj of approximately 0.5/iM. Second, its inhibition was specifically and competitively reversed by dGTP; high concentrations of dATP, dCTP, or dTTP had no effect on its inhibitory capacity. Third, when the action of DCBG on pol III was assessed, using either poly(dA):oligo(dT) or poly(dC):oligo(dG) as template:primer, it, like H 2 -HPUra (16,17), inhibited only the latter reaction.
(ii) Action on intact cells: specificity for replicative DNA synthesis. DCBG, like HPUra, the oxidized azo form of H 2 -HPUra which is reductively activated in vivo, penetrated intact B. subtilis and inhibited its growth on plates. In liquid medium, microscopic exam showed that 75/xM DCBG arrested cell division and effected a segmented morphology typical of HPUra-treated cells which are specifically unable to synthesize DNA (14) . Figure 2 summarizes the effect of DCBG on macromolecule synthesis in log-phase B. subtilis, exploiting analysis based on incorporation of labeled adenine into RNA and DNA, and labeled leucine into protein. The results clearly indicated that DCBG, like HPUra (1,14) , inhibits only DNA synthesis and displays no significant effect on the synthesis of RNA and protein.
(Hi) Utility of DCBG as an agent for selecting and identifying bacterial clones carrying mutations affecting the drug binding site of pol III. Much of the value of the H 2 -HPUra inhibitor prototype as a genetic and structural probe of the replicationspecific DNA pol ITJ is derived from its 'magic bullet' capacity to clearly and specifically select, on drug-containing nutrient plates, bacterial clones which carry mutationally altered, drugresistant forms of pol EQ. B. subtilis azp-12, a mutant displaying both an HPUra-resistant growth phenotype and an H 2 -HPUraresistant pol HI (17) exemplifies this strong correspondence of in vitro enzyme 'phenotype' and the growth-response phenotype of its host. As shown in Table I , comparison of the action of DCBG and H 2 -HPUra on the wt and azp-12-specific systems indicated that DCBG also can consistently discriminate between wt and mutant forms of pol HI, both in vivo and in vitro. Table  I compares the potency of H 2 -HPUra and DCBG as inhibitors of the wt and azp-12-specific enzymes and their potency as inhibitors of growth of the respective wt and mutant host bacteria. The top row of data, displaying K^, indicated that the azp-12 enzyme, relative to wt enzyme, shows approximately 55-fold resistance to H 2 -HPUra and, interestingly, 5-fold higher sensitivity to DCBG. The second row of data display the same trend in vivo; the growth of the azp-12 mutant host, relative to that of the wt host, is 8 times more resistant to HPUra and 8 times more sensitive to DCBG.
Properties of DCBdGTP action on its pol III target
Given the promising behavior of DCBG described above, we asked whether the base would retain its H 2 -HPUra-like action once converted to the dNTP form. The properties we sought in the dNTP form were: (a) a potency at least equivalent to that of the simple base form, DCBG; (b) a mechanism consistent with that of the base, and (c) a structurally 'complete' inhibitor form that will formally occupy the pol HI dNTP binding site in the manner of the dNTP it mimics. The results of experiments described in subsections (i)-(iv) below summarize the properties we found.
(i) Potency and discrimination ofwt and mutant pol Ills. Table  II summarizes the effects of the 2'-deoxyribonucleoside of DCBG and its 5'-mono and 5'-triphosphates on the wt and azp-12-specific enzymes. The addition of the deoxyribosyl moiety to DCBG and, in turn, the monophosphorylation of the nucleoside, decreased the potency of the inhibitors for the wt polymerase and, interestingly, had little effect on their affinity for the mutant enzyme. Addition of the B-y phosphates to produce the ultimate dNTP analog, DCBdGTP, reversed the trend to reduction of potency for the wt polymerase, yielding a K, five times lower than that of the simple base. Similarly, DCBdGTP was four times more potent as an inhibitor of the azp-12-specific enzyme than of the wt enzyme.
(ii) The template cytosine requirement for DCBdGTP-induced inhibition is not absolute. Competition experiments, identical to those performed with DCBG, indicated diat the inhibitory action of DCBdGTP, in the presence of activated natural (calf thymus) DNA, was competitively and specifically antagonized by dGTP; dATP, dCTP, and dTTP at high concentrations in identical assay conditions had no effect on its potency. Given the latter observation, we exploited the homopolymeric template:primers, poly(dA):oligo(dT) and poly(dC):oligo(dG) to determine whether the action of the dNTP form, like that of the parent base, DCBG, absolutely required template cytosine to effect inhibition. The results of the homopolymer experiments are summarized in Table  III DCBdGTP, although considerably more potent in the poly(dC)-driven reaction (ICso = 7/iM), displayed significant activity (ICso = 200/xM) in the poly(dA)-directed reaction. Given the superior structural potential of DCBdGTP-relative to that of DCBG-for template independent binding to the dNTP binding site of pol m, we hypothesize that DCBdGTP-induced inhibition of the poly(dA)-driven reaction occured simply by direct competition for the dNTP binding site with dTTP, the substrate being polymerized. The results of competition experiments employing the (dA):(dT) reaction and the four dNTPs were consistent with this hypothesis; only dTTP was competitive with DCBdGTP action in this system (results are not shown).
(Hi) DCBdGTP-induced inhibition in the presence of template cytosine apparently involves a sequestration mechanism. To assess sequestration we exploited the 'scavenging' method employed to ascertain the induction of DNA: enzyme complex formation by H 2 -HPUra (16, 17) . The specific experimental approach exploited poly(dA):oligo(dT)-driven incorporation of dTMP and simply asked whether enzyme, in the presence of inhibitor at a concentration causing minimal inhibition, can be sequestered by the addition of a small amount of a dC-containing template:primer-an amount too small per se to interfere with dTTP incorporation into the oligo(dT). The results of relevant experiments comparing DCBG and DCBdGTP are summarized K 1 was determined as described in Materials and Methods. ^ CFUy, is the concentration of inhibitor in minimal salts agar plates required to reduce the plating efficiency of B. subtilis to 50% of control values.
(c) HPUra, the oxidized drug form, was used in the plating experiments. in Table IV . Both inhibitors were used at 100/tM; at this concentration DCBG and DCBdGTP, as expected, inhibited dTMP incorporation by, respectively, 0 and 40% (cf., top row Table IV ). The addition of cytosine-containing activated calf thymus DNA at low concentration neither supported significant dTMP incorporation (cf., second row of data) nor drastically reduced incorporation of dTMP into poly(dA):oligo(dT) (cf., third row) in the absence of inhibitor; however, in its presence the effect was dramatic. With DCBG present, dTMP incorporation was inhibited by approximately 90%, and in the presence of DCBdGTP, inhibition of dTMP incorporation was increased from 43 to approximately 87%. To determine if this drug-induced, DNA-dependent inhibition was, as expected, sensitive to the presence of a high concentration of dGTP (0.5mM), we examined its effect and, as a control, that of dATP and dCTP. Only dGTP was effective as a competitor; it reduced inhibition induced by DCBG from 90 to 25% and that induced by DCBdGTP from 87 to 30% (cf. bottom row Table IV ). In sum, diese results strongly suggested that both DCBG and DCBdGTP, when provided with template cytosine in an appropriate structural context, act by a sequestration-specific mechanism typically displayed by the pyrimidine-based inhibitors.
(iv) DCBdGTP can serve as a substrate for its target enzyme.
Unlike the parent base, DCBdGTP had the potential for polymerization by pol HI. To investigate this potential, we exploited sequencing gel analysis of primer extension, using the template:primer depicted in the inset of Figure 3 . Experimentally, we sought to determine if DCBdGTP, like dGTP, could be utilized to extend the primer by one nucleotidyl residue. The results are summarized in the gel autoradiogram in the lower part of Figure 3 .
There was, as expected, no primer extension in the absence of dNTP (lane B)-only partial degradation resulting from the activity of the enzyme's resident J'-5' exonuclease (18) which could be partially inhibited by the addition of 2 mM AMP (lane C). The 17mer was extended to its full, 29mer length when all 4 dNTPs were present Qane H), and, as expected, was extended by one residue when dGTP was present as the sole dNTP substrate (lane D). The presence of DCBdGTP as the sole dNTP, at concentrations ranging from 1 to 100 times its Kj (lanes E, F and G) resulted in the formation of a product which migrated at the position expected for that of the primer extended by one DCBdGMP residue (note: The R f of primer extended by one DCBdGMP residue is, in the conditions of electrophoresis, slightly, but consistently, smaller (-0.96) than that of the primer extended by one dGMP residue). Although clearly functional as a polymerizable substrate, DCBdGTP was less effective than dGTP; comparative densitometry of the N + 1 products of primer extension by 25/iM dGTP (lane D) and 10/tM DCBdGTP Qane G) indicated that in these conditions the rate of DCBdGMP incorporation was approximately 5-10% that of dGMP.
DISCUSSION
The benzylguanine format provides structural versatility without disruption of the characteristic inhibitor mechanism The goal of this work was to expand the utility of the H 2 -HPUra inhibitor class as pol Ill-specific genetic and structural probes. Specifically, we sought to develop a rationally structured series of inhibitor forms of increasing complexity, ranging from the simple base, which can specifically access and sense wild-type and mutant forms of pol III in the intact host, to the 2'-deoxyribonucleosidyl and nucleotidyl forms, whose structure can be manipulated appropriately to probe the structure and function of the dNTP and inhibitor binding site of isolated enzyme. The N 2 -benzylguanine format, represented specifically by DCBG, provides an excellent basis for the inhibitor series we seek. The properties of the simplest, base form are essentially identical to those of H 2 -HPUra. DCBG penetrates cells effectively (cf., Table I ), and chemically it is clearly adaptable to 9-/3-D-nucleosidation and nucleotidation without loss of its essential H 2 -HPUra 'character', including the ability to distinguish wild-type and mutant forms of pol HI (cf., Tables  I and U) .
Significance of the polymerization of DCBdGTP
Although DCBdGTP is less effective as a pol III substrate than dGTP, it, nevertheless, participates successfully in the catalysis of polymerization (cf., Fig. 3 ). The polymerization of DCBdGTP indicates that it formally occupies the enzyme's dNTP binding site with a 'fit' approximating that of the dNTP it mimics. This fit, when considered in the context of the characteristic, base (HPUra/DCBG)-like behavior of DCBdGTP, permits several important conclusions regarding the structure of the enzyme: inhibitor: DNA complex and specific features of the enzyme's dNTP binding domain on which complex formation depends.
First, one may firmly conclude that the geometry of the base pair formed between the template cytosine and the N^-benzylguanine substituent closely approximates that of the G:C pair formed in the process of dGTP polymerization. Second, one may conclude that the ^-benzyl substituent does not formally occupy sites or space critical to the catalysis of dNTP polymerization; these include: (a) the substituents involved in the binding of the deoxyribosyl ring and its 5' phosphates; (b) the space about the 3'OH of the primer terminus, and (c) the path between this OH group and the a phosphate of the incoming dNTP. Finally, as a corollary to the above conclusions, one also may envision more precisely the location of the major site of inhibitonenzyme interaction-the so-called aryl binding site (6) . Specifically, one may conclude that this site lies on the 'edge' of the dNTP binding domain in space immediately surrounding the unpaired H constituent of the exocyclic 2-amino group of an appropriately base-paired dGTP molecule.
Potential of DCBG derivatives as probes for in vitro analysis of the structure of pol HI and its dNTP binding site The four major forms, DCBG, DCBdG, DCBdGMP, and DCBdGTP, provide a rich variety of options for fitting the inhibitor with useful 'reporter' groups, in particular groups capable of forming covalent bonds with the inhibitor/dNTP binding site. Among the positions most amenable to substitution are the carbons of the N^-aryl ring, the 7, 8, and 9 positions of the base and, in the nucleoside and nucleotide forms, the 2', 3', and 5' carbons and the 5'-phosphoryl groups. Application of such derivatives in combination with the manipulation and in vitro expression of the pol HI structural gene (19) (20) (21) should provide a facile means to map and directly identify the side chains of amino acids comprising the dNTP/inhibitor binding sites. Even in the absence of covalently reactive substituents, DCBG derivatives can be useful as probes of the dNTP binding site of pol III. For example, DCBdGMP or non-polymerizable dNTP forms thereof (i.e. a thio or /3,7-methylene) have considerable potential as reagents that can be exploited to promote the crystallization, and in turn, the 3-D structural analysis of a prepolymerization DNA:enzyme:deoxyribonucleotide complex.
The availability of DCBG and structural variants increases the utility of the HPUra inhibitor class as genetic in vivo probes of pol HI structure A rationally designed series of structural variants of a mechanistically 'pure' inhibitor class can serve as a powerful set of tools with which to probe the structure of inhibitor-specific binding sites within a relevant target protein. , unpublished results) , and, thus, provides a very convenient means to isolate and map both intracodon-and extracodon-specific pol C mutations accompanying the development of DCBG resistance. Replication of similar approaches with appropriate combinations of pol C mutants and the several score of inhibitor variants now available should provide a wealth of detail about the location and molecular structure of both the inhibitor and dNTP binding domains of the enzyme's active site.
